. In most cases, human syntenin containing two canonical PDZ domains, as well as binding studies for full-length synthey recognize C-terminal sequence motifs of target proteins and bind these peptides in a pocket between tenin, the PDZ tandem, and isolated PDZ domains. We show that the functional properties of syntenin are a the ␤2 strand and ␣2 helix. The PDZ domains are typically grouped into three classes depending on the target result of independent interactions with target peptides, and that each domain is able to bind peptides 
served properties of syntenin, we have initiated a sysWe note that the interaction between the two PDZ domains within a monomer is less extensive than the tematic study aimed at characterizing syntenin's molecular structure and mechanism of action. Here, we report intermolecular PDZ1-PDZ2 interface. A total of 446 Å 2 of solvent-accessible surface is buried by each intermothe crystal structure of the intact PDZ tandem, residues 113-273, refined at 1.94 Å resolution. The structure relecular interaction. Furthermore, this interface is fairly intimate, with a number of hydrogen bonds between the veals two PDZ domains that have fully solvent-accessible peptide binding pockets. We also report the results two domains. The few solvent molecules that are at this interface mediate contacts between the two domains. of rigorous biophysical binding assays for isolated PDZ domains, the PDZ tandem, and full-length syntenin, with
In contrast, there are no direct hydrogen bonds between the PDZ domains within a monomer. Both putative peppeptides derived from three selected putative binding partners for syntenin: IL5R␣, syndecan-4, and merlin.
tide binding grooves of syntenin are located on the same face of the tandem monomer and are completely exThese data reveal that the binding properties of syntenin are a result of the independent binding events of the posed to the solvent, suggesting that syntenin has two distinct and functional peptide binding sites. two PDZ domains, whose specificities show clear degeneracy. The merlin-derived octapeptide shows the highest affinity for syntenin, and a distinct selectivity for Structure of the PDZ Domains of Syntenin PDZ1. This result reaffirms that merlin is a physiologi-A structural comparison of the two PDZ domains of cally important partner for syntenin.
syntenin reveals that, in spite of a modest level of sequence identity (26%), they are structurally very similar Results and Discussion to each other, with an rms deviation of 1.2 Å on C␣ atoms. In both domains, the fragment equivalent to the Model Quality and Structure Overview signature GLGF loop involved in the terminal carboxylThe structure was solved with a three-wavelength MAD ate binding deviates from the paradigm by an insertion experiment, using a SeMet-labeled protein crystal. The of a basic residue after the initial glycine (Arg in PDZ1 model, refined at 1.94 Å resolution to a crystallographic and His in PDZ2). Such insertions are rarely found in R value of 18.4% (R free 22.7%), contains a noncrystallo-PDZ domains, but they do not seem to disturb the cluster graphic dimer of tandems in the asymmetric unit and a of main chain amides that coordinate the incoming cartotal of 325 residues (Table 1; Figure 1 ). The only synboxylate of the target peptide. Typically, a Lys or Arg tenin residue not included in the model is the C-terminal located 4 or 5 residues prior to this loop assists in pepphenylalanine of the second monomer. The refined tide binding via a water-mediated hydrogen bond. Both structure conforms well to standard protein stereoof syntenin's PDZ domains have a lysine 4 residues chemistry, with rms deviation from ideal bond lengths of before the initial glycine. 0.015 Å , and with only 2 residues falling into disallowed In spite of these similarities, there are some notable regions of the Ramachandran plot as judged by Moldifferences between the two domains. The most apparProbity [26] . Only seven side chains are not visible in ent is the length of the ␤2-␤3 loop. When compared to the A -weighted 2mF obs Ϫ DF calc electron density map PDZ2, where this loop is shorter than in most other PDZ contoured at 1 (Figure 1C) , and their occupancies were domains, PDZ1 contains an insertion of 4 residues in set to zero. The average isotropic temperature factor the ␤2-␤3 loop (KSIDNGIF versus KN---GK). (B) for main chain atoms is 20.6 Å 2 , with the highest Furthermore, in PDZ1, the peptide binding groove is temperature factors ‫05ف(‬ Å 2 ) associated with the linker narrower as compared to PDZ2 or other PDZ domains peptides and the C-terminal end of the ␣2 helix of PDZ1, (Figure 2A ). This is best illustrated by comparing the all of which are nonetheless clearly visible.
distance from the beginning of ␣2 to the ␤2 strand of The crystallized fragment of syntenin contains two PDZ2, to the corresponding distance in PDZ1, which is PDZ domains conjoined by a short linker (Arg193-1.8 Å shorter. Pro194-Phe195-Glu196; Figure 1C ). Like other domains
The electrostatic potential surrounding the peptide from this superfamily, the syntenin PDZ modules show binding groove is another significant difference between a typical fold with two opposing antiparallel ␤ sheets the two PDZ domains. The peptide binding surface of capped by two ␣ helices. Each domain has at least one PDZ1 is predominately positively charged, surrounded ␤ strand that is partly contained in both sheets. In the by 3 residues (Lys124, Arg128, and Lys130) from ␤2 and crystal, the two PDZ tandems of syntenin are arranged in 2 residues (His175 and Lys179) from ␣2. Other basic a head-to-tail fashion, related by a noncrystallographic residues flank this region. PDZ2 lacks any clusters of dyad, giving the contents of the asymmetric unit the positively charged residues, with His208 as the only appearance of a four-leaf clover. Interestingly, the linker charged side chain that extends over the peptide bindresidue Arg193 forms a salt bridge with Glu240 in PDZ2 ing groove ( Figure 2B ). and forms a hydrogen bond via its N ␦ with a main chain As a peptide binds to PDZ domains, it mimics an carboxyl group of Phe154 in PDZ1. This may help to additional antiparallel strand in the sheet containing ␤2. explain why Arg193 falls into a disallowed region of The position of the ␤2 strand in both of syntenin's PDZ the Ramachandran plot. Superposition of the monomers domains is consistent with this mechanism, with the reveals that there is a slight difference in the angle beamino and carboxyl groups of Leu129 and Phe211 availtween the two PDZ domains in the two monomers, exable for hydrogen bonding. This type of arrangement plaining why the dimer is noncrystallographic. This sugdictates that the terminal side chain of the peptide faces gests that the linker has considerable intrinsic flexibility in solution.
the interior of the binding pocket. Both PDZ domains should be less cooperative, with a ⌬G un of Ϫ2.07 kcal/ The side chains of both of these residues hydrogen bond mol (Figure 3, insert) . However, the experimental unto main chain amides at the end of ␤2. Overall, both of folding of the tandem follows a cooperative, two-state the PDZ domains of syntenin appear to be suitable for profile, with a ⌬G un of Ϫ4.1 kcal/mol, suggesting that the peptide binding, although the structural differences sugdomains are associated into a single entity undergoing gest diverse specificities. cooperative denaturation. As already noted, PDZ1 of one molecule interacts with PDZ2 of the adjacent one in the crystal structure. The large buried interface suggests Stability Studies that the interaction could be physiologically relevant, as Although the crystal structure indicates that both PDZ indeed self-association has been reported for syntenin domains of syntenin are capable of binding peptides, [7] . It is also possible that the two domains interact in many previously reported binding studies using isolated this way within a monomer, and that the crystal structure PDZ1 and PDZ2 domains have failed. In order to better corresponds to a domain-swapped conformation. Whereas assess the feasibility of performing binding assays with our data are consistent with weak, albeit identifiable isolated PDZ1 or PDZ2, we conducted stability studies domain-domain interactions in syntenin, further work using chemical denaturation monitored by circular diwill be required to probe this issue. chroism (Figure 3 ). Full-length syntenin, the PDZ tanFinally, we note that the full-length protein also undem, and isolated PDZ1 (residues 113-193) and PDZ2 (residues 197-273) were used in the assay. Surprisingly, folds in a highly cooperative manner, and shows signifi- Table 2 ). Interestingly, the IL5R␣-derived peptide shows a stoichiometry of 2:1 197-273) was prone to oligomerization (data not shown).
To overcome the aggregation problems, we used a fluofor the tandem, but only 1:1 for full-length syntenin, whereas all other measurements indicate equimolar rescence-based approach using dansylated hexapeptides, allowing for significantly lower protein concentracomplexes. This is further evidence that suggests a functional role for the N-terminal domain.
tion [27] . We also changed the PDZ2 construct to residues 197-298, which includes syntenin's natural C To assess whether residues upstream of the C-terminal hexapeptide contribute to binding, we performed terminus. To assess whether either the technique or this regard. The ITC data show that the IL5R␣ peptide human genome (Figure 6 ). Ciona intestinalis, a primitive tunicate with the smallest known genome among binds to only one PDZ domain of full-length syntenin, but to both in the tandem. Merlin, which binds only to Chordata, shows the presence of sequences highly similar (50%-60% identity) to the human protein. The high PDZ1, does so within the context of full-length syntenin as well, suggesting that it is the PDZ2 that is occluded sequence similarity among such diverse species suggests that the molecule predates the appearance of by the N-terminal domain. However, the syndecan-4 peptide is selective for PDZ2 and also binds to fullvertebrates. length syntenin. Further experiments will be necessary to resolve this inconsistency. This alternate anchoring signal pathway may give clues regarding the involvement of syntenin in metastasis or now been determined for a number of PDZ domains that were classified into distinct groups. It is clear that the tumor suppressor function of merlin. The identification of the syntenin homolog in Anopheles prompted us the overall fold of the domain is well conserved, and the specificity is governed by subtle structural and amino to look in the mosquito's genome for the homologs of merlin and syndecan. We found an annotated merlin acid sequence variation. The application of generalized rules for governing PDZ domain specificity is complihomolog with a 57% amino acid identity to the human protein and fully conserved C-terminal RVAFFEEL secated by those PDZ domains that show degenerate specificity for more than one archetypal class of peptide.
Syntenin: A Link between Syndecan and the Actin Cytoskeleton
quence. Similarly, we found the presence of a syndecanrelated protein, with a highly conserved C terminus conSyntenin is one of the examples of this growing group. Both of syntenin's PDZ domains fit the overall fold of taining the TNEFYA motif. PDZ domains well, with an average rms deviation from the known X-ray structures of 1.4 Å and 1.1 Å for PDZ1 Biological Implications and PDZ2, respectively. Syntenin, with its tandem PDZ structure, appears to Syntenin is a ubiquitous protein involved in protein targeting and multiprotein assembly, and it is overexhave been well conserved during evolution. The rat and mouse syntenins are virtually identical to the human pressed in certain cancer cell lines. As inferred from numerous yeast two-hybrid screens and other biochemprotein. Recently, the jumbo tiger shrimp Penaeus monodon was reported to contain a protein similar to ical assays, syntenin binds biologically important receptors such as IL5R␣ and syndecan, as well as the cytosyntenin with extremely high amino acid sequence identity, when compared to the human protein, of 56% and solic actin regulator merlin, which is a tumor suppressor and a product of the causal gene of neurofibromatosis 64%, for PDZ1 and PDZ2 domains, respectively [28]. We conducted a BLAST search of the genome of the type II. The crystal structure of the biologically functional fragment of syntenin, residues 113-273, solved at 1.94 Å malaria vector Anopheles gambiae, and found a protein annotated as a syntenin, with 50% amino acid identity resolution, reveals the presence of two canonical PDZ domains, connected by a 4 residue linker. Both domains to the human molecule. It is noteworthy that both the Anopheles and Penaeus homologs are far more similar appear to be free to interact with target peptides. It is the first crystal structure containing more than one PDZ to the human protein than any other PDZ domain in the 
